Over the next couple of decades, the demand for fresh water and air will increase all over the world owing to population growth and industrial development. Effective removal of aqueous pollutant and toxic gas from the environment by taking advantage of new material and technique has always been a significant subject[@b1][@b2][@b3]. Adsorption is considered to be one of the simplest and most attractive methods for toxic gas, heavy metal ion and organic pollution purification. Activated carbon[@b4], magnetic hollow micropheres[@b5], carbonaceous nanofiber membranes[@b6], and aminated polyacrylonitrile fiber[@b7], have been proven effective for the absorption of the pollutants. However, the extraction of toxic gas and removal of aqueous pollutant in a safe and effective fashion still keep a technical challenge.

Porous boron nitride (h-BN) exhibits unique physical and chemical properties including high specific surface area, numerous structural defects, low density, high thermal conductivity, chemical durability, and oxidation resistance[@b8][@b9][@b10]. These features render porous BN material a promising candidate for applications in various fields, especially those related to adsorption like gaseous uptake, pollutant adsorption, and catalyst support[@b11][@b12][@b13][@b14][@b15][@b16][@b17]. For example, recent researches reported the interesting properties for dye and CO~2~ adsorption in BN whiskers, nanotubes or nanosheets[@b18][@b19]. Porous BN microbelts and nanosheets with high specific surface areas are also reported as potential hydrogen storage media and valuable adsorbents for effective water cleaning, respectively[@b20][@b21]. Surface, defects, doping and porous nature in the structures play a crucial role in the adsorption of BN-based materials. Moreover, compared with the covalent C-C bond in the common used carbon-based adsorbents, the "lop-sided" densities characteristic of a considerable degree of ionic B-N bond makes the BN materials highly preferred for the absorption of the pollutants.

In this work we report a novel BN material, which we named as the activated BN, steming from the analogy of activated carbon, with the high efficient absorption for numerous pollutants in water and air. The activated BN can be defined as BN material with a high degree of porosity, an extended interparticulate surface area and high surface reactivity[@b22]. Compared with our previous work on porous BN[@b18], the novel activated BN was synthesized by a modified two-step process with the presence of P123 as a structure-directed agent. The simple method enabled us to control surface area, pore distribution, crystal defects and hydroxyl and organic surface groups. The synthesized activated BN possesses an extremely high surface area up to 2078 m^2^/g, a special multimodal microporous/mesoporous structure located at \~ 1.3, \~ 2.7, and \~ 3.9 nm and abundant surface functional groups, which result in a fast and highly efficient adsorption of heavy metallic ions, toxic gas, and organic pollutants from the environments.

Results
=======

Characterization of activated BN
--------------------------------

The activated BN is white in color and exhibits a ribbon-like microstructure with an average length of 80 μm, a thickness of 500 nm and a width of 1.0 μm, as displayed in [Figure 1a,b](#f1){ref-type="fig"}. Transmission electron microscopy (TEM) observations reveal the presence of porous, rippled, and corrugated structure for all ribbons, a typical morphology as shown in [Figure 1c](#f1){ref-type="fig"}. The inner layers interlink to form disordered cavities that are attributed to the porous geometry of the activated BN. The high-resolution TEM ([Figure 1d](#f1){ref-type="fig"}) shows that the the activated BN consisted with layered BN of poor crystallization. A great number of defects, such as stacking faults exist on the surface, as shown in the inset of [Figure 1d](#f1){ref-type="fig"}. In addition, the interspacing of the BN layers is \~ 0.35 nm, which is a little larger than that of the (002) fringes of bulk hexagonal BN[@b23]. The enlarged interspace has also been observed in the turbostratic BN materials[@b24], indicating their structural similarity. The structure of the product were also checked by X-ray powder diffraction (XRD). A broad peak around \~ 25.5° is observed, also indicating the poor crystallization of the layered BN with an the interplanar distances of around 0.35 nm. [Figure 2](#f2){ref-type="fig"} is the Fourier transform infrared (FTIR) spectrum of the as-synthesized activated BN. Compared with porous BN which we has reported in Ref. [@b18], the activated BN possesses richer surface bonds, such as B-OH/B-NH~2~ (\~3420, and \~ 3250 cm^−1^), C = O (\~1630 cm^−1^), B-N(\~1400 cm^−1^), B-N-O (\~1160 cm^−1^), C-O (\~1080 cm^−1^), B-N-O (\~930 cm^−1^), and B-N-B(\~800 cm^−1^)[@b25].

Electron energy loss (EEL) spectroscopy and the element mapping techniques based on the energy-filtering TEM were adopted to analyze the compositional distribution of the activated BN. [Figure 3a](#f3){ref-type="fig"} is an image obtained by using electrons with zero energy loss, displaying the porous structure of a micro-ribbon. [Figure 3b](#f3){ref-type="fig"} is the corresponding EEL spectrum taken from the ribbon shown in [Figure 3a](#f3){ref-type="fig"}. The EEL spectrum clearly shows the presence of the K-shell excitation shells of B (188 eV, B K-edge), N (401 eV, N K-edge), and O (532 eV, O K-edge), respectively. The sharp π\* and σ\* peaks of the B and N K-edges are typical for the sp[@b2] bonding configuration[@b26][@b27], which are characteristics of B-N layers. The quantification of the spectrum indicates a B/N composition ratio of \~ 1.1. The corresponding B and N elemental maps ([Figure 3c and 3d](#f3){ref-type="fig"}) clearly indicate that the distributions of B and N are uniform and in consistent with the cavity distribution on the porous BN micro-ribbon. Oxygen ([Figure 3e](#f3){ref-type="fig"}) indeed exists and also uniformly distributes over the activated BN ribbon.

[Figure 4](#f4){ref-type="fig"} illustrates the nitrogen adsorption/desorption isotherm and the corresponding pore size distribution of the activated BN. The measured isotherm and hysteresis loop ([Figure 4a](#f4){ref-type="fig"}) can closely be classified as the I and H4 types[@b21] according to the IUPAC nomenclature. The isotherm and hysteresis loop indicate that the activated BN is microporosity as well as contain slit-shaped mesopores that are associated with capillary condensation[@b28][@b29]. Therefore, the pore size distributions (PSD) were calculated in the framework of non-local density functional theory (NLDFT) method. A high surface area of 2078 m^2^/g and high pore volume of 1.66 cm^3^/g could be determined, respectively. Additionally the observed broad PSD exhibits a multimodal distribution with three main characteristic pore sizes of \~ 1.3, \~ 2.7, and \~ 3.9 nm[@b30], as shown in [Figure 4b](#f4){ref-type="fig"}. We believe that the three different porous structures in the activated BN are from different gaseous group eliminations during the thermal decomposition of the activated BN precursor. It should be noted that the porous BN we synthesized in Ref. [@b18] displays only two main characteristic pore sizes of \~ 1.3 and \~ 3.9 nm. These results suggest that the P123 introduced into the precursor during the synthetic process is highly valuable to improve the surface area and change the porous structures.

Removal of metallic ions from water
-----------------------------------

The activated BN possesses large void spaces, numerous hydroxyl and organics groups, large pore volume and structural defects. Combining these characteristics with the dipolar nature of B-N bonds renders the activated BN highly preferred for removal of environmental pollutants as an universal absorption material[@b15]. Indeed, we observed the excellent adsorption performance of the activated BN for Cr (III) in water. High dispersion inductively couple plasma emission spectroscopy was employed to assess the adsorption kinetics. An activated BN sample of 50 mg was used to room-temperature absorb Cr (III) aqueous solution with the initial concentration of 52 mg/L and the optimum initial pH value of 5.5[@b7][@b31]. Shown in [Figure 5a](#f5){ref-type="fig"}, we found the extremely rapid adsorption rate of 90 wt% within 4 h and 99.9 wt% within 6 h. The adsorption equilibrium concentration *vs* adsorbed amount well follows the Langmuir mode with a correlation coefficient of 0.991 ([Figure 5b](#f5){ref-type="fig"}). The maximum adsorption capacity of Cr (III) in the activated BN is extremely high up to 352 mg/g, which corresponds to complete monolayer coverage. This value is much higher than the reported absorption of Cr (III) using activated carbon as a adsorbent (40.29 mg/g)[@b32]. More importantly, the final equilibrium concentration is only 0.052 mg/L (52 ppb), below the drinking water guideline in USA (100 ppb). We also studied the adsorption capacities of activated BN for other metal ions in water, including Co^2+^, Ni^2+^, Ce^3+^ and Pb^2+^, as shown in [Figure 5c](#f5){ref-type="fig"}. The detected maximum uptake capacities of Co^2+^, Ni^2+^, Ce^3+^, and Pb^2+^ are as high as 215, 235, 282 and 225 mg/g, respectively. For comparsion, the adsorption capacities of porous BN (synthesized in Ref. [@b18]) and activated carbon for these metal ions are also shown in [Figure 5c](#f5){ref-type="fig"}. It clearly indicates that the maximum uptake capacities of activated BN are significantly larger than that of the porous BN and activated carbon reported in the literatures[@b33][@b34][@b35][@b36]. We believe that different from the activated carbon with covalent C-C bonds, our activated BN with polar B-N bonds is more suitable for the metal ion chemisorption, since the activated BN exhibits the "lop-sided" densities characteristic of ionic B-N bonding, and the polyelectron nitride can transfer more electron density to the metal ions. Moreover, the exceptional high surface area and abundant inter accommodations in the activated BN also play an important role in the high adsorption capacity and efficiency.

Removal of organic pollutant from aqueous environment
-----------------------------------------------------

In addition, organic pollutant containing aromatic species in the source of drinking water has provided a more serious threat to human health than others. The removal of tetracycline, one of the most commonly used antibiotics in the husbandry and fish farming, faces an immense technical challenge especially in the developing countries. The activated BN reported here surprisingly exhibits a remarkable adsorption capacity for tetracycline. Its adsorption isotherm is presented in [Figure 6a](#f6){ref-type="fig"}, again revealing that the Langmuir model well fits with the experimental data with the correlation coefficient of 0.998. The adsorbed layer is one molecule in thickness and all sites are equal (equal energies and enthalpies). The maximum adsorption capacity obtained is 305 mg/g for the activated BN. This value is remarkably larger than that of most of the reported adsorbents[@b37][@b38], including multi-walled carbon nanotubes (56.5 mg/g), activated carbon (25.2 mg/g) and porous BN (176.8 mg/g). We also note that the adsorption curve ([Figure 6a](#f6){ref-type="fig"}) for the activated BN has a very high slope in the initial portion and then level off. This result reveals that the activated BN possesses incredible adsorption density even at low equilibrium organic pollutant concentrations and displays very high affinity for tetracycline molecules. More importantly, the as-adsorbed activated BN can be easily regenerated by a simple thermal treatment route at 400°C for 2 h in air. All adsorbate were removed without any loss of the BN. The repeated measurement for the tetracycline adsorption indicates only \~ 14% efficiency loss after six cycles, as presented in [Figure 6b](#f6){ref-type="fig"}. Keeping in mind of excellent reusability and safety, the titled material is suitable for lowering organic pollutant concentration in the source of drinking water. [Figure 6c](#f6){ref-type="fig"} shows a comparison of removal capacities of activated BN, porous BN, and activated carbon for tetracycline, methyl orange and congo red, respectively. The data suggest excellent adsorption capacity in our newly prepared activated BN material.

Adsorption of volatile organic compounds in air
-----------------------------------------------

We also hope that the activated BN is able to use in another interesting environment purification field, to adsorb volatile organic gas molecules in air. Herein, as a demonstration we report its adsorption to benzene vapor. Gravimetric adsorption measurements, similar with the reported method for the vapor adsorption of activated carbon[@b39], were carried out. The activated BN was introduced into a container full of the saturate benzene vapor at room temperature. The starting dry BN became humid after vapor adsorption. [Figure 7a](#f7){ref-type="fig"} shows adsorption rate of benzene vapors on activated BN at different time intervals. The adsorption capacity was measured to be 90 mg/g within 1 h, and reached 762.5 mg/g within 72 h, much higher than most of the adsorbents, including activated carbon (280 mg/g)[@b40][@b41] and porous BN (380 mg/g). The above experimental data indicate that the activated BN is suitable for fast and efficient air-purification. In order to further assess the practical air-purification potential for volatile organic species, a filtration column was prepared to test the breakthrough curve of benzene vapor, as a model pollutant, on the activated BN. Compared with the breakthrough curves of porous BN and activated carbon obtained under the same experimental condition, the benzene vapor could be removed completely within 100 min. This time is remarkably longer than that of porous BN and activated carbon, as summarized in [Figure 7b](#f7){ref-type="fig"}. It is obvious that, for a given concentration of benzene vapor, the longer breakthrough time indicates a greater adsorption capacity. The reusability was also checked by direct calcinations of the as-measured BN at 300°C for 6 h in N~2~ flow and then repeated measurement in the same condition. As shown in [Figure 7c](#f7){ref-type="fig"}, the removal efficiency is still maintained \~ 95.5% even after six cycles.

As a comparison, non-porous BN particles (spherical BN particles with the surface are of \~ 50 m^2^/g[@b23]) are examined under the same experimental condition. Only \~ 60 mg/g uptake after 72 h was detected ([Figure 7a](#f7){ref-type="fig"}, inset) and suggests that the remarkable efficiency of the activated BN for volatile organic compounds in air similarly results from the large pore volume, high density structural defects, specific surface area[@b42][@b43], and numerous surface groups, as predicted theoretically[@b44]. In fact, the special structure of micro/meso- pore can effectively enhance the benzene adsorption capacity, which has been frequently confirmed in the case of activated carbons[@b45][@b46].

Discussion
==========

The above mentioned results reveal that, compared with the synthesis process for porous BN[@b18], the addition of P123 surfactant in this work not only increases the surface area and pore volume but also enhances the adsorption ability of the titled BN. Although the P123 was removed from the as-growth activated BN, which has been confirmed by the EEL spectrum, the interaction of P123 with the melamine-boric acid molecules affects the surface chemical configuration of the precursor of activated BN. As reported by Roy et al.[@b47], the melamine-boric acid molecular crystal contained several kinds of hydrogen bonds, such as O-H···O, N-H···O, and O-H···N. One of the amino groups of melamine did not participate in hydrogen bonding in the melamine-boric acid molecule. Therefore, the addition of P123 would lead to the hydrogen-bonding between the melamine and P123 molecule in the precursor. This would result in the formation of more gaseous groups during the post-treatment at high temperature, such as H~2~O, NH~3~, N~2~ and CO. These gaseous groups were removed through the spaces between layers or other positions located by these groups, and a larger number of porosities were finally obtained. The TG-DTA curves also indicate an obvious weight loss occurred during the heating treatment of the precursor (See [Figure S1, Supporting Information](#s1){ref-type="supplementary-material"}). This synthetic route might promote the generation of some useful surface groups, the variation of pore structure, and the enhancement of surface area and pore volume[@b5][@b48], which is suitable for the adsorption of metallic ions, organic pollutants and gaseous species. The detailed mechanism is worthy of further investigation.

In summary, highly activated boron nitride has successfully been synthesized by introducing structure-directed agent in a process of the thermal decomposition of the activated BN precursor. The obtained BN with rich surface groups possesses extremely high surface area (up to 2078 m^2^/g), large pore volume (up to 1.66 cm^3^/g), and a special multimodal microporous/mesoporous structure with three main characteristic pore sizes of \~ 1.3, \~ 2.7, and \~ 3.9 nm. Pore size design and targeted preparation by introducing structure-directed agent P123 represent a novel method for developing activated BN. More importantly, the activated BN exhibits an excellent adsorption performance for metal ions and organic pollutant in water, as well as volatile organic species in air. The excellent reusability of activated BN has also been confirmed. All the features render the activated BN a promising material suitable for environmental remediation.

Methods
=======

Synthesis
---------

In a typical synthesis, 3.71 g of H~3~BO~3~ and 3.78 g of C~3~N~6~H~6~ were dissolved in 200 ml of the distilled water. Then 0.1 M HNO~3~ solution was introduced to achieve a solution with pH of 6.5. 5 g of P123 (P123 is the tradename for a triblock copolymer. The nominal chemical formula is HO(CH~2~CH~2~O)~20~(CH~2~CH(CH~3~)O)~70~ (CH~2~CH~2~O)~20~H. Triblock copolymers based on poly(ethylene glycol)-poly(propylene glycol)-poly(ethylene glycol) are known generically as poloxamer and have been used in the synthesis of porous materials.) was added under vigorous stirring to get a homogenous solution. The reaction mixtures were heated at 85°C for 6 h, and then naturally cooled to room temperature to obtain a white precipitate, melamine-boric acid molecule precursor. After the filtration, the precursor was washed with chilled de-ionized water and dried at 90°C for 12 h. Subsequently, a two-stage pyrolytic process was performed to produce the activated BN: the precursors were calcined at 546°C for 2 h and then heated at 1300°C for 8 h. All the reactions were carried out in a flow of N~2~ (200 ml/min).

Adsorption/desorption in water
------------------------------

CrCl~3~, CoCl~2~, Pb(NO~3~)~2~, Ce(NO~3~)~3~, Ni(NO~3~)~2~, C~22~H~24~N~2~O~8~ C~37~H~27~N~3~O~9~S~3~Na~2~ (methyl orange), and C~32~H~22~N~6~Na~2~O~6~S~2~ (congo red) were dissolved in deionized water and then diluted to the required concentration before use. The pH values of initial solutions were adjusted from 5.0 to 6.0 (5.5 for Cr(III), 6.0 for Pb(II), 6.0 for Ce(III), 6.0 for Co(II), 6.0 for Ni(II), 6.0 for tetracycline, and 7.0 for methyl orange, congo red) by adding 0.1 M HNO~3~ solution, respectively. Then the as-synthesized activated BN, the porous BN and the activated carbon were introduced and continuously stirred by a magnetic stirrer at 150 rpm for a specified time, and then centrifuged and filtered, repectively. The solution concentrations were determined by high dispersion inductively couple plasma emission spectroscopy and UV/vis spectrophotometer, respectively. To obtain the isotherms, the adsorption tests were carried out with a series of initial concentrations. The pollutant removal percentage over the adsorbent was calculated by the Eq. 1 where C*~0~* and C*~e~* (mg/L) are the initial solution concentration and equilibrium concentration, respectively. η is the pollutant removal percentage of the pollutants.

The adsorption isotherms are fitted (correlation coefficients, R^2^ \> 0.99) by using the Langmuir adsorption model (Eq. 2). Where q*~e~* is the adsorbed amount of pollutant on the equilibrium concentration (mg/g), C*~e~* is the equilibrium concentration in solution (mg/L), q*~m~* is the maximum adsorption capacity corresponding to complete monolayer covering on the adsorbents (mg/g), and K is the equilibrium constant related to the free energy of adsorption (L/mg).

Benzene vapor adsorption
------------------------

The activated BN powder was introduced into a container full of benzene vapor to measure its gravimetric change at room temperature. The breakthrough curve of benzene vapor was obtained by using the activated BN filtration column (25 mm height and 40 mm internal diameter), which was prepared by a filtration column loaded with 3 g activated BN. The measurement conditions were optimized as the relative humidity 50%, temperature 23°C, inlet concentration 18 mg/L, and a constant flow rate 0.25 L/min.

Characterization
----------------

The structure and morphology of the samples were examined using X-ray powder diffraction (XRD, BRUKER D8 FOCUS) and field emission scanning electron microscopy (SEM, HITACHI S-4800). FTIR spectra recorded on a Nicolet 7100 spectrophotometer between 400 and 4000 cm^−1^. Transmission electron microscopy (TEM) experiments were performed on a Tecnai F20 electron microscope (Philips, Netherlands) with an acceleration voltage of 200 kV, equipping with an electron energy loss spectrometer (EELS). Thermogravimetry (TG) and differential thermal analysis (DTA) were measured on a SDTQ-600 thermal analyzer from room temperature to 1200°C at a heating rate of 10°C/min under nitrogen flow. The nitrogen physisorption isotherms were measured at 77 K on an AutoSorb iQ-C TCD analyzer. Prior to the measurement, the samples were activated in vacuum at 300°C for 8 h. The Brunauer-Emmett-Teller (BET) specific surface area was calculated from the nitrogen adsorption data in the relative pressure ranging from 0.02 to 0.12 using a multipoint BET method. Due to the broad pore size distribution ranging from micropores to mesopores, the NLDFT method was used to calculate the pore widths and pore size distributions (ASiQwin software). In detail, a set of isotherms calculated for a set of pore sizes in a given range for a given adsorptive constitutes the model database. Such a set of isotherms, called a kernel, is the basis for the pore size analysis by Density Functional Theory (DFT). The calculation of the pore size distribution is based on a solution of the Generalized Adsorption Isotherm (GAI) equation, which correlates the kernel of theoretical adsorption/desorption isotherms with the experimental sorption isotherm. Concentrations of metal ions were measured by high dispersion inductively couple plasma emission spectroscopy (TELEDYNE-Leeman Labs, USA). A double beam UV/Vis spectrophotometer (HITACHI, U-3900H) was used to determine the concentration of tetracycline. Benzene vapor concentration was determined by gas chromatograph (PGENERAL, GC1100).
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![(a) Low-magnification SEM image of the activated BN. (Inset) photographic image of the product. (b) The corresponding high-magnification SEM image. (c) TEM image of the ribbon-like activated BN. (d) Representative high-resolution TEM image. (e) XRD pattern of the activated BN.](srep03208-f1){#f1}

![FTIR spectra of the activated BN and porous BN.](srep03208-f2){#f2}

![(a) Energy filtering TEM (EFTEM) image (Zero-loss image) of a single ribbon. (b) The corresponding EEL spectrum. (c--e) Elemental mapping for B, N, and O, respectively.](srep03208-f3){#f3}

![(a) Nitrogen adsorption/desorption isotherm. (b) the corresponding pore size distributions obtained by DFT method (full line) and cumulative pore size distribution (square symbol).](srep03208-f4){#f4}

![(a) Adsorption rate of trivalent chromium ions on the activated BN. (b) The corresponding adsorption isotherm. (c) Comparison of adsorption capacities of the activated BN, porous BN and activated carbon for Co^2+^, Ni^2+^, Ce^3+^, and Pb^2+^, respectively.](srep03208-f5){#f5}

![(a) Adsorption isotherm of tetracycline on the activated BN. (b) Reusability of activated BN regenerated by combustion of adsorbed tetracycline. (c) Comparison of adsorption capacities of the activated BN, porous BN, and activated carbon for the tetracycline, methyl orange and congo red, respectively.](srep03208-f6){#f6}

![(a) Adsorption rate of benzene vapor on the activated BN. (Inset) adsorption rate of benzene vapor on the non-porous BN. (b) Comparison of the breakthrough curve of benzene vapor on the filtration column of activated BN, porous BN and activated carbon, respectively. (c) Reusability of the activated BN regenerated by heating adsorbed benzene.](srep03208-f7){#f7}
